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Animal muscles are exceptionally diverse in structure and function as they meet a variety 
of demands for an individual to survive.  Muscles coordinate with each other so that 
individuals can survive in their environments.  However, muscles vary in performance to 
best suit their role in promoting organism survival; differences in gene expression among 
muscles likely accounts for much of this variation.  Anolis lizards, a genus that has 
undergone considerable adaptive radiation, live in a wide range of habitats and ecotypes 
to which each species has had to evolve appropriately to survive.  These habitats require 
different muscles of the anole to perform extremely variable tasks.  Unsurprisingly, 
muscle performance of these lizards (e.g. twitch time and peak contractile velocity) varies 
among muscle types.  Specifically, the performance of jaw and leg muscles, diverges 
strongly because their importance for survival (e.g., to escape predation and to bite prey) 
differs both across and within individuals.  Here, I use RNA-seq to measure the 
differential gene expression generating differences in muscle performance between the 
jaw and leg muscles.  The observed discrepancy in gene expression may explain the 
divergence in performance observed between the muscles. Determining the underlying 
differences in gene expression between muscles and individuals will help explain how 
performance metrics (e.g., twitch time and peak contractile velocity) change over time.  
Additionally, differential gene expression could show how the ecology and evolution of 
an individual influences its muscle performance. 
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All cells within an individual have the same genetic code.  Despite this, cells 
function in many different ways.  For example, neurons communicate a coordinated 
response throughout the body, whereas skin cells with the same DNA provide protection 
from the outside world.  Even within a single cell type (e.g. neurons that sense 
temperature versus neurons that stimulate movement), individual cells may vary in 
structure and function depending on the specific role that cell plays in the overall system.  
Differences in how the DNA (i.e. the genes) are expressed cause this variation.  Although 
not every gene is vital to the functioning of every cell, each cell maintains every gene in 
the genetic code for its use by other cells.  Using molecular techniques, biologists can 
determine which genes are expressed by each cell type as well as how the expression of 
each gene varies among tissues and thus can determine what drives the observed 
variation.  In addition to revealing new insights into how cells diversify, understanding 
these mechanisms may improve human health outcomes by identifying novel loci for 
medical intervention (e.g. collagen synthesis inhibiting genes for patients with muscular 
atrophy) (Turgeman, Hagai et al. 2008).  
Muscles display some of the greatest diversity of a single tissue throughout the 
body, largely due to the many tasks for which muscles are used (Rome and Lindstedt 
2011).  Within a muscle, control of motor recruitment can result in variation in its use, 
however, different muscles have diverse functions depending on what they are used for.  
Their capacity for certain functions is different.  For instance, leg muscles power 
movement and therefore must create strong contractions.  Running, in particular, requires 
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large muscular force. Greater force increases stride frequency and stride length, which in 
turn increases running speed (Weyand, Sternlight et al. 2000, Dorn, Schache et al. 2012).  
In contrast, extraocular muscles are superfast muscles of the eye that have much faster 
contractions and higher fatigue resistance (Sartore, Mascarello et al. 1987).  As a result, 
these muscles make very quick, precise contractions repeatedly to move the eye, but 
produce very little force compared to leg muscles.  Such variation among tissues occurs 
because of changes in gene expression to meet environmental demands.  In muscles, 
these gene products likely affect calcium cycling, energy generation, and/or metabolic 
pathways among many 
other functions.   
Muscle contraction 
is a dynamic process 
requiring complex 
interactions on a molecular 
level (Figure 1).  For a 
muscle fiber to contract, the 
sarcoplasmic reticulum, a 
muscle-specific form of the 
endoplasmic reticulum, 
must release calcium ions 
into the myoplasm of the muscle fiber (Rome and Lindstedt 2011).  Next, the calcium 
ions bind to the troponin complex.  The troponin complex is a protein with three subunits 


















and the  muscle 
relaxes
Figure 1: Basic Steps of Muscle Activation and Deactivation 
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filament, myosin (Fusi, Brunello et al. 2014).  Once bound to calcium, the troponin 
complex no longer inhibits actin and myosin from binding (Fusi, Brunello et al. 2014).  
This binding process is called crossbridge cycling.  It is this crossbridge cycling that 
creates muscular contraction and force.  Following contraction, relaxation must take 
place so that the muscle can contract again.  Relaxation occurs by the sequestering of the 
calcium ions by the sarcoplasmic reticulum and parvalbumin (a calcium-binding protein) 
(Rome and Lindstedt 2011).  As calcium is removed, the crossbridges detach and force 
drops to zero (Rome and Lindstedt 2011).  Each factor plays an integral role in the 
development of force, the speed of the contraction, the ability of the muscle to contract 
repeatedly, and the resistance to fatigue of the muscle.  Changes in the expression of any 
component of the genetic code could have downstream effects on the functional 
capabilities of the muscle type and, by extension, the survival of the animal in its habitat.  
Although some of the basic processes that affect how muscles contract is known, 
it is still unclear how varying the expression of certain mechanisms affects muscle 
performance.  Physiologists often use superfast muscles, such as the toadfish swim 
bladder, to elucidate some of these mechanisms.  Superfast muscles contract and relax 
extremely quickly because of their high crossbridge detachment rate (Rome, Cook et al. 
1999).  To go through the crossbridge cycle so quickly, fewer crossbridges attach during 
a contraction; at the same time, the force produced per crossbridge is similar to slower 
muscle fibers (Rome, Cook et al. 1999). Additionally, these studies have shown that to 
increase speed of contraction, superfast muscles may increase sarcoplasmic reticulum and 
mitochondria volume within each fiber because of the increased demand for energy and 
calcium binding (Rome, Syme et al. 1996).  These results from superfast muscles are 
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informative because they highlight that muscle cells must adjust certain qualities, like 
crossbridge cycling or mitochondrial volume, to function in a specific manner.  However, 
these studies provide little insight into which genes, or categories of genes, are 
responsible for changes to these mechanisms among muscles that have dissimilar 
functions.  The incredible diversity observed in muscles is a result of changes in gene 
expression among muscles to allow them to meet the functional demands of the 
environment.   
Anolis species exhibit remarkable morphological and physiological adaptations to 
their respective habitats and are an excellent model to study muscle performance 
variation because of the considerable adaptive radiation they exhibit as a genus.  This 
group of lizards consists of over 400 species that have diverged evolutionarily across the 
Caribbean and the mainland of the Americas (Alföldi, Di Palma et al. 2011).  
Additionally, they have adapted to six different ecotypes: grass-bush, trunk, trunk-crown, 
crown giant, trunk-ground, and twig (Losos 1990).  The ecological differences 
experienced among species likely drive the variation that is seen in their morphology 
(Losos 1990, Wittorski, Losos et al. 2016). Additionally, the muscle performance of 
anoles likely varies because of these differences in ecotype (Anderson and Roberts, 
unpublished data).  Specifically, jaw muscles’ use in diet and predator defense (Herrel, 
Joachim et al. 2006) as well as leg muscles’ use for sprinting to avoid predators and catch 
prey (Irschick and Losos 1998) will be impacted greatly by the environment in which 
they live.  Further, as natural selection likely affects both the jaw and leg muscles, and, 
due to their dissimilar roles in the survival of the individual, they display remarkable 
variation in muscle performance likely because of variation in gene expression.   
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In mammals, skeletal muscles consist of two discrete fiber types: slow and fast 
fibers.  Further, fast fibers consist of three subgroups: 2A, 2B, and 2X fibers (Schiaffino 
and Reggiani 2011, Luna, Daikoku et al. 2015).  These types of fibers are differentiated 
by motor innervation of the fiber as well as proteins, such as isoforms of heavy chain 
myosin that are specific to each (Luna, Daikoku et al. 2015).  Each fiber type has 
characteristics associated with them: slow fibers are oxidative, resistant to fatigue, and 
slow contracting, whereas fast fibers are often glycolytic and contract quickly (Luna, 
Daikoku et al. 2015).  A single muscle group will usually possess both fast and slow 
fibers.  The overall fiber composition of a muscle determines the specific qualities and 
abilities of that muscle (Luna, Daikoku et al. 2015).  Additionally, muscle fiber 
composition can change over time based on the varying demands placed upon the muscle 
group (Gollnick, Armstrong et al. 1973).  However, determining muscle fiber type 
composition is less informative with non-mammalian species for several reasons.  First, 
the contractile and oxidative metabolic properties of these fibers display much greater 
variation across species (Luna, Daikoku et al. 2015).  In other words, despite using the 
same terms between mammals and non-mammals to describe muscle fibers, a slow fiber 
in a mammal may have very different qualities from a “slow” reptilian muscle fiber.  
Additionally, non-mammalian vertebrates possess an additional fiber type called tonic 
fibers (Jacobson 2007).  Tonic fibers are fibers that contract very slowly (i.e. seconds 
instead of milliseconds) and do not “twitch” (i.e. the muscle fiber develops and dissipates 
tension when stimulated within a short span) (Gleeson, Putnam et al. 1980).  Both slow 
and fast fibers in mammals display twitches.  Additionally, tonic fibers are difficult to 
distinguish from fast and slow fibers in reptiles (Bonine, Gleeson et al. 2005).  Thus, 
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because tonic fibers are quite different from slow and fast twitch fibers and it is difficult 
to accurately differentiate the fibers, fiber type composition is not an effective way to 
determine the qualities of a muscle group in reptiles.  As a result, although differing 
myofiber composition likely causes some of the variation observed in muscle 
performance among different muscle types, it is more informative to quantify contractile 
characteristics of muscles, such as twitch time and peak contractile velocity, because 
these qualities are directly related to muscle performance and can be accurately measured 
in reptiles.  
To expound the molecular causes of variation among muscles, whole 
transcriptome analysis of the jaw and leg muscles is necessary to provide a more 
complete picture of how gene expression adjusts muscle performance within an 
individual and across muscles to meet functional demands imposed by the environment.  
The transcriptome includes every gene that is expressed within a sample and that is 
important for cell functioning.  By analyzing the transcriptomes of the jaw and leg 
muscle across species, I will determine which genes are differentially expressed between 
the two muscle groups and, therefore, what may create muscle performance differences 
between the jaw and leg.   
To best quantify differences among muscles, I will compare gene expression to 
functional morphological measurements, such as twitch time, peak contractile velocity, 
and specific tension.  Twitch time measures the amount of time it takes a muscle to 
develop and dissipate tension in response to a stimulus.  This measurement reveals how 
quickly a muscle can activate and deactivate and has been correlated to sprinting 
performance (Marsh 1988).  In anoles, leg muscles have a significantly faster twitch time 
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than jaw muscles (Anderson and Roberts unpublished data) which may suggest that genes 
associated with fast muscles, such as calcium cycling genes (i.e. parvalbumin) will be 
upregulated in leg muscle compared to the jaw.  Peak contractile velocity, or Vmax, is the 
maximum rate at which a muscle can shorten under zero force.  Since zero force is not 
possible to simulate, Vmax is extrapolated from the force-velocity relationship.  The force-
velocity relationship is inversely related, nonlinear, and shows how the amount of force 
produced by the muscle changes in relation to the velocity of the muscle contraction 
(Marsh 1988).  In other words, as the speed of the muscle contraction increases, the 
amount of force produced by the muscle decreases.  To quantify this relationship, a series 
of isometric and isotonic contractions are stimulated in the muscles during which the 
force produced as well as the speed of the contraction are measured.  In preliminary 
measurements, Vmax was significantly higher in the jaw than leg muscle (Anderson and 
Roberts unpublished data).  These results are consistent with the differing functions of the 
leg and jaw muscle: leg muscles, used for sprinting (i.e. after prey or away from a 
predator), require the ability to contract and relax repeatedly, whereas the jaw muscle 
must contract quickly and forcefully, but often not repeatedly.  Finally, although these 
preliminary data are informative, it is not yet known what the molecular mechanisms are 
that drive these differences between the muscle types.  It is also likely that similar 
disparities might be observed among individuals and/or species resulting from variation 
in the same molecular mechanisms. Here, I analyze the transcriptome of the jaw and leg 
muscle of 12 anoles from 4 species to determine key groups of genes that lead to the 
muscle performance differences between the jaw and the leg necessary to meet 
environmental demands and increase survival.  Discovering such markers will elucidate 
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the mechanisms by which anoles, and potentially other species, succeed in their 
respective habitats and improve our understanding about the molecular and genetic 






Muscle Performance Measurements 
Twelve adult male anoles were collected from the wild: three individuals from 
four different species (Anolis sagrei, Anolis chlorocyanus, Anolis osa, and Anolis 
cybotes).  One muscle from the jaw (M. adductor mandibulae externus superficialis 
anterior) and leg (M. ambiens pars ventralis) from one side of each individual was 
extracted determine physiological performance differences between the jaw and leg 
(Anderson and Roberts unpublished data).  These experiments measured twitch time, 
specific tension, and Vmax, all indications of whole organism performance (Bárány 1967, 
Josephson 1973) and have been shown to be significantly different between jaw and leg 
muscles in other species (Anderson and Roberts, unpublished data).  These data were 
collected in the Anderson lab.  
 
Statistical Analysis of Muscle Performance 
All statistical analyses were performed with the lme4 package in R (Pinheiro J 
2017, Team 2017).  Nested mixed models were run to test for the effect of species and 
muscle on each performance metric.  In the model, twitch time, specific tension, and Vmax 
were used as the dependent variables in each analysis and muscle (i.e. jaw or leg) as the 
independent variable.   Individual was nested within species as a random effect to 
account for individual effects.  The interaction effects between species and muscle type 
were analyzed for each performance metric to determine if the relationship between the 
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jaw and leg muscle was the same across species.  Summary data (mean and standard 
error) of each metric were calculated and plotted using ggplot2 and tidyverse in R 
(Wickham 2016, Wickham 2017).  
 
RNA Extraction 
The contralateral jaw and leg muscles from the muscles removed for the muscle 
physiology experiments were dissected and stored in RNALater (Qiagen) until RNA 
extraction.  A Trizol extraction was performed on each muscle sample to isolate the RNA 
(Simms, Cizdziel et al. 1993).  RNA samples were frozen at -80C until they were sent to 
BGI Americas Corporation (Cambridge, MA, USA) for RNA-seq. The BGI-seq platform 
was utilized to produce paired-end reads of 100 base pairs. 
 
RNA-seq Analysis 
Bowtie 2 (Langmead, Trapnell et al. 2009) and RNA-Seq by Expectation 
Maximization (RSEM) (Li and Dewey 2011) were used to align genomic reads to the 
reference genome of Anolis carolinensis.  These tools were further used to calculate 
expression values for each gene in the transcriptome.  The reference genome assembly 
file and genome annotation file were downloaded from Ensembl (Alföldi, Di Palma et al. 
2011, Eckalbar, Hutchins et al. 2013, Frankish, Vullo et al. 2017).  Expression values 
were quantified in both transcripts per million (TPM) and fragments per kilobase of exon 
per million reads mapped (FPKM) (Li and Dewey 2011).  A distance matrix was 
calculated from the gene expression abundance matrix using Bray-Curtis distance (Beals 
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1984).  From this distance matrix, a principle coordinate matrix (PCoA) and emperor 
PCoA plot were generated (Vázquez-Baeza, Pirrung et al. 2013).  
With the resulting gene matrices, the expression of the jaw was compared with the 
leg for each species of anole using EBseq (Leng, Dawson et al. 2013).  EBseq calculated 
the probability of each gene being equally or differentially expressed between the two 
muscles.  Genes with a posterior probability of being differentially expressed (PPDE) 
below 0.05 false discovery rate (FDR) were grouped for further analysis, whereas all 
non-significant genes were removed from consideration.  The remaining genes were 
sorted into two groups (higher expression in the jaw and higher expression in the leg) 
using the log2 of the posterior fold change (PostFC) value for each gene.  The PostFC 
value is the posterior fold change of jaw over leg.  If the log2 value is positive, the 
expression is higher in the jaw. If the value is negative, the expression is higher in the leg.  
After separating the differentially expressed genes for each species, the Database 
for Annotation, Visualization, and Integrated Discovery (DAVID) was used to sort the 
genes into gene ontologies (GO terms) (Huang da, Sherman et al. 2009, Huang da, 
Sherman et al. 2009).  DAVID produces lists of GO terms divided into three categories: 
molecular function, cellular component, and biological processes.  It further calculates a 
p-value for each GO term.  Thus, DAVID produced six GO term lists for each species, 
three with higher expression in the jaw and three with higher expression in the leg, which 
were combined into two lists: one with higher expression in the jaw and one with higher 
expression in the leg.  Finally, both of these lists were input separately into Reduce and 
Visualize Gene Ontology (REVIGO).  REVIGO summarizes GO terms by eliminating 






Like other studies (Anderson and Roberts unpublished data), the jaw and leg 
varied significantly in twitch time, Vmax, and specific tension.  Specifically, specific 
tension was significantly higher in the leg than the jaw (F1,8 = 33.14, p = 0.0004, Figure 
2A); twitch time was significantly shorter (faster) in the leg (F1,10 = 96.46, p < 0.0001, 
Figure 2B); and Vmax was significantly higher in the jaw (F1,8 = 6.462, p = 0.035, Figure 
2C).  No interaction between muscle and species was found for twitch time (F3,7 = 0.59, p 
= 0.64) or Vmax (F3,5 = 4.11, p = 0.081), but a significant interaction between muscle and 
species existed for specific tension (F3,5 = 8.13, p = 0.023). 
 
Gene Expression 
The number of reads, as measured by BGI Americas, ranged from 44,973,322 to 
46,439,886 for each sample.  The sequencing quality score (Q20) ranged from 97.6% to 
98.2% showing a small probability of error (Appendix A).   PCoA analysis showed clear 
clustering of gene expression by jaw and leg (Figure 3) with 1235 genes that were 
significantly differentially expressed (Figure 4) in both directions (i.e. higher in the jaw 
or higher in the leg).  Further, many differentially expressed GO terms were identified 
(Appendix B and C) and were either expressed higher in the jaw (Figure 5) or the leg 




Figure 2: Specific tension is higher in the leg (A). Twitch time is faster (shorter) in the leg (B). Vmax is higher 







Figure 3a: PCoA plot showing clear clustering of the jaw (red) and leg (blue). 
 
Figure 3b: Volcano plot showing differentially expressed genes. Red dots are significant. Negative fold 










Figure 5: REVIGO Treemap of GO Terms expressed significantly higher in the leg. The size of the 
boxes indicates the relative significance (p-value) of the differential expression value. Representative 
GO Terms with the additional GO Terms underneath each representative listed in parentheses include 
Bleb Assembly (regulation of cell shape, collagen fibril organization, embryonic skeletal system 
development, angiogenesis, endodermal cell differentiation, anterior/posterior pattern specification, 
skeletal system development, temperature homeostasis, cell growth, lens induction in camera-type 
eye, bone mineralization, triglyceride biosynthetic process, and epithelial to mesenchymal transition), 
Negative Regulation of Transcription, DNA-templated (cytokine-mediated pathway, positive 
regulation of cell migration, negative regulation of JAK-STAT cascade, positive regulation of 
activated T cell proliferation), Extracellular Matrix (proteinaceous extracellular matrix), Heparin 
Binding (calcium ion binding and copper ion binding), Extracellular Matrix Binding, Protein Kinase 
Inhibitor Activity, Sarcolemma, Focal Adhesion, Muscle Contraction, Chondroitin-Glucuronate 5-
Epimerase Activity, and Titin Binding. 
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Figure 6: REVIGO Treemap of GO Terms expressed significantly higher in the leg. The size of the 
boxes indicates the relative significance (p-value) of the differential expression value. Representative 
GO terms with the GO terms underneath each representative listed in parentheses include ATP Coupled 
Proton Transport (actin filament organization, microtubule-based process, tricarboxylic acid cycle, 
cristae formation, negative regulation of calcium ion transport, negative regulation of cell migration, 
and ubiquinone-6 biosynthetic process), Mitochondrial Inner Membrane (proton-transporting ATP 
synthase complex catalytic core F(1), extracellular exosome, microtubule, mitochondrial nucleoid, 
mitochondrion, cytoplasm, and pyruvate dehydrogenase complex), GTP Binding (damaged DNA 
binding, poly(A) RNA binding, ATP binding, and pyridoxal phosphate binding), Positive Regulation of 
Angiogenesis (striated muscle contraction and neuron fate commitment), Hydrogen Ion 
Transmembrane Transporter Activity (proton-transporting ATPase activity, rotational mechanism and 
ubiquinol-cytochrome-c reductase activity), GTPase Activity (ATPase activity), NADH Dehydrogenase 
(Ubiquinone) Activity (pyruvate dehydrogenase (acetyl-transferring) activity), Myelin Sheath, 
Structural Constituent of Cytoskeleton, Caveola, Catalytic Activity, Response to Activity, Cell-Cell 
Junction, Methylcrotonoyl-CoA Carboxylase Activity, and Tropomyosin Binding. 
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CHAPTER FOUR 
Discussion and Conclusion 
 
 
The results from the RNA-seq and differential expression analysis show many 
differences in gene expression between the jaw and leg muscle consistent with 
differences in the performance metrics between the muscles.  The jaw muscle (M. 
adductor mandibulae externus superficialis anterior) had a higher Vmax, longer (slower) 
twitch time, and lower specific tension than the leg muscle (M. ambiens pars ventralis).  
Although there was a significant interaction between muscle and species observed for 
specific tension, indicating not all species differed between muscles the same way, this is 
likely a result of incomplete muscle performance data for two Anolis sagrei, thus 
(potentially) resulting in Type I error.  As such, I do not consider this interaction further 
here.  To contextually connect the differences in gene expression with differences in 
performance, I used the GO terms related to muscle performance to assess the effect 
these genes and gene suites would have on the performance variation observed here.  
Below, I describe these relationships for each performance metric. 
 
Twitch Time 
 In the Anolis species studied here and elsewhere (Anderson and Roberts 
unpublished data), twitch time is significantly faster in leg muscles than the jaw.  
Although jaw muscles have a higher Vmax, which indicates they shorten more quickly 
than the leg, presumably to bite down, they do not relax as quickly.  This makes sense as 
lizard jaw muscles generally do not need to relax as quickly to repeatedly contract since 
lizards do not masticate their prey.  Instead, they only bite down to grab hold of prey.  On 
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the other hand, leg muscles must contract and relax quickly and repeatedly to induce 
locomotion, particularly sprinting.  This effort requires a large amount of metabolic 
energy in a short amount of time, from both contractile elements (myosin and actin 
binding) and non-contractile elements (i.e. proteins and pumps involved in cycling 
calcium through the muscle fiber to allow contraction and cause relaxation) (Baker, 
Brandes et al. 1994).  Although both jaw and leg muscles require energy to contract 
quickly, jaw muscles have a longer time between contractions whereas the leg, when 
sprinting, has little time between contractions and the individual may need to sprint for a 
significant period of time (e.g. when escaping a predator).  Because the jaw muscle has a 
longer amount of time between contractions, it likely can use energy aerobically.  
Conversely, since the leg muscle has little time between contractions, the tissue likely 
produces energy anaerobically through glycolysis.  The leg muscle benefits from 
producing energy using glycolysis because it is a faster process than aerobic respiration 
and does not require oxygen.  Thus, lower expression of genes related to the 
mitochondria, tricarboxylic acid (TCA) cycle, and oxidative phosphorylation in the leg 
may be a result of the leg muscle’s prioritization towards glycolysis instead of aerobic 
respiration for energy synthesis.  
 With an increased rate of contraction in leg muscles, calcium cycling will 
necessarily need to increase to allow an increased rate of relaxation to match.  The GO 
term “Calcium Ion Binding” contains genes that are more highly expressed in the leg than 
the jaw.  These genes include parvalbumin, a key protein in muscle relaxation, and 
calsequestrin, a key protein for calcium storage and release.  Parvalbumin is responsible 
for speeding up the rate of relaxation by binding to calcium ions on the myosin heads and 
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sequestering them to allow the muscle to relax (Arif 2009).  Increased expression of 
calsequestrin, on the other hand, causes an increase in the amount of calcium released by 
the sarcoplasmic reticulum (Shin, Pan et al. 2003).  Additionally, the GO term “Negative 
Regulation of Calcium Ion Transport” is higher in the jaw which would reduce the rate of 
calcium flow in and out of the sarcoplasmic reticulum slowing calcium cycling.  Calcium 
ion transport may have greater negative regulation in the jaw because the jaw has a lower 
rate of calcium cycling than the leg.  
 
Peak Contractile Velocity (Vmax) 
A higher Vmax in the jaw compared to the leg suggests that the jaw is able to 
shorten more quickly than the leg at zero force and use energy more efficiently than the 
leg (Bárány 1967).  Although it is impossible that a muscle would experience zero force 
in an organism, this metric still informs us about the speed at which this muscle can 
shorten.  To contract at fast speeds, muscles may reduce the number of myosin heads 
utilized for the contraction (Rome, Cook et al. 1999).  This speeds up the activation 
process but reduces the amount of force produced and decreases energy expenditure 
because fewer myosin heads are activated (Rome, Cook et al. 1999).  It appears that the 
jaw muscle of anoles acts similarly to the superfast muscles in this study by Rome and 
colleagues because of its high Vmax, low specific tension (an indication of lower force 
production), and higher gene expression of the aerobic respiration pathway.  The jaw 
muscle may utilize oxidative phosphorylation for ATP synthesis because of its efficient 




 Specific tension measures the force that is produced by a cross-sectional area of 
muscle (Josephson 1973).  In anoles here and elsewhere, the specific tension of the leg is 
greater than in the jaw muscle (Anderson and Roberts unpublished data).  Force 
production in muscle cells begins in the sarcomere with the binding of the actin and 
myosin filaments and then is transmitted outward from the sarcomere through the cell, 
sarcolemma, fascia, extracellular matrix, and ends with the tendon transmitting the force 
to the bone (Kjaer 2004, Grounds, Sorokin et al. 2005, Purslow 2010).  Many genes 
concerning force production and force transmission are differentially expressed between 
the jaw and leg in anoles.  GO terms related to the structure of the sarcomere (e.g. 
“Muscle Contraction” and “Titin Binding”) had higher expression in the leg.  These GO 
terms include genes such as myosin light chain 1, myomesin 2, and leiomodin 2.  These 
genes all play a role in formation of the sarcomere (Schoenauer, Bertoncini et al. 2005, 
Chereau, Boczkowska et al. 2008, Burguière, Nord et al. 2011, Pappas, Farman et al. 
2018).  It is likely that higher expression of these genes would allow a muscle to produce 
more force from its sarcomeres.  Additionally, the GO term “Striated Muscle 
Contraction” is higher in the jaw.  Although this may seem contradictory, this GO term 
only contains genes in which higher expression leads to decreased force production in 
muscles, such as nitric oxide synthase 1 (Reid 1998).  Since higher expression of this GO 
term decreases the force produced by skeletal muscles, this finding is consistent with the 
lower specific tension in the jaw muscle compared to the leg muscle. 
 Although production of force is important for creating movement and strength in 
muscles, this force must be transmitted throughout the muscle fibers to the tendon and 
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finally to the bone to achieve contraction.  Thus, although force is initially produced in 
the sarcomere, it is the components of the cytoskeleton and cytoplasm, such as keratin or 
microtubules, which transmits the force through the cell (Brown, Hem et al. 2015).  Next, 
the sarcolemma performs a vital role of transmitting force from the sarcomere to the 
extracellular matrix (Grounds, Sorokin et al. 2005).  Outside the muscle fiber, the force is 
transmitted through the extracellular matrix to the collagen-rich tendon, and finally to the 
bone (Garfin, Tipton et al. 1981, Roberts 2002, Purslow 2010).   
Structural components of the muscle cell including the cytoplasm, microtubule, 
and the cytoskeleton are expressed at higher levels in the jaw than the leg.  It is unclear 
why this may occur because, although these components can play a role in muscle 
contraction, they perform many functions throughout a cell.  However, the sarcolemma, 
although also possessing multiple roles, more clearly relates to the transmission of force 
from the muscle fiber to the extracellular matrix (ECM).  Again, the leg muscle expresses 
the sarcolemma genes at higher levels than the jaw.  It is possible that the sarcolemma 
expression is lower in the jaw because the jaw produces less force as shown by its 
specific tension.  However, it could also relate to the larger size and shape of the leg 
muscle.  The leg muscle has a long and narrow shape whereas the jaw muscle is short and 
fat.  Because of these differences in shape, the leg muscle has a larger surface area to 
volume ratio than the jaw muscle.  Since the sarcolemma (as the cell membrane of 
muscle fibers) likely is closely related to the surface area of the muscle, the difference in 
the surface area to volume ratio between the two muscles may contribute to the higher 
expression of sarcolemma in the leg. 
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Further, the extracellular matrix plays an important role in the transmission of 
force from the muscle fiber to the bone of an individual (Grounds, Sorokin et al. 2005).  
Similarly to the sarcolemma, the leg expresses the ECM at higher levels than the jaw.  
Again, the jaw produces less force than the leg and, as a result, may not need to express 
the ECM at as high of a level as the leg.  Of particular interest, collagen I shows 
decreased expression in the jaw.  This type of collagen is predominantly found in the 
tendon of muscles (Light and Champion 1984) which may indicate that the jaw expresses 
tendinous components at a lower level because the jaw muscle produces less force.  
However, the differential expression of the ECM could also relate to the size and shape of 
the tendon and muscle.  The jaw muscle does not have much tendon compared to the leg.  
The jaw muscle almost directly attaches to the bone with little tendon in between. 
Additionally, the leg muscle is a pennate muscle and has larger tendons that extend into 
an aponeurosis down the length of each side of the muscle for the fibers to insert into.   
Further, the jaw muscle shape (short and fat) may mean it does not need as much ECM as 
the leg muscle, which is long and thin.  The leg muscle may require more ECM to keep it 
from bulging during shortening whereas the jaw muscle would not require ECM for this 
purpose because it is a short and fat muscle. 
 
Conclusion 
 There are many other genes that could potentially influence Vmax, twitch time, and 
specific tension that are not differentially expressed here between the jaw and leg (e.g. 
the SERCA gene).  Generally, there are a variety of reasons that certain genes may not be 
differentially expressed.  For instance, there are proteins that control the rate of calcium 
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reuptake of the SERCA pump.  Thus, although the SERCA gene may not be differentially 
expressed here, the genes of those regulatory proteins for SERCA and other components 
of muscle contraction may be differentially expressed.  Additionally, it is unlikely that 
every component of muscle contraction needs to be differentially expressed to create the 
differences in muscle performance we see.   
Although the main question asked here is regarding the differences between two 
muscles of the same individual, it is also interesting to note that there were differences 
among the species measured.  Although this line of study certainly needs more direct 
study, these differences might be indicative of evolutionary changes in response to the 
adaptive radiation or of responses to individual environment (i.e. the ecotypes each 
species develops in).  Interestingly, changes in gene expression generally can arise in 
response to both differences in the environment on an individual level and evolutionary 
change.  Here, all 12 anoles were kept in a common garden environment instead of their 
wild ecotype for a significant period of time before the muscle performance and gene 
expression experiments were performed.  Because all of the individuals experienced the 
same habitat, the plastic response in gene expression to meet the demands of their 
immediate environment would be expected to be the same.  However, should the 
differences in gene expression be a result of the individual’s developmental environment 
instead, this plasticity could still influence the gene expression patterns we see.  Thus, the 
differential gene expression observed here most likely stems from differences in 
evolutionary trajectory and developmental plasticity, rather than behavioral plasticity. 
 In conclusion, as expected, several key groups of genes were identified that may 
induce higher Vmax in the jaw and higher specific tension and twitch time in the leg of 
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anoles.  Particularly, jaw muscle expresses genes necessary for the electron transport 
chain, the TCA cycle, and mitochondria at higher levels than the leg indicating that it 
prioritizes oxidative phosphorylation over glycolysis.  The jaw muscle is fast (as shown 
by its higher Vmax), and anoles utilize this speed to bite prey.  However, it likely does not 
need to contract repeatedly in a short time frame (as shown by its slower twitch time), 
and it may reduce the strength of the contraction to increase the contraction’s speed and 
energy efficiency.  Thus, the energy demands on the jaw do not require it to undergo 
anaerobic respiration.  Similarly, because the twitch time is slower in the jaw, it does not 
relax nearly as quickly as the leg muscle which is likely a result of slower calcium 
cycling in the jaw.  This conclusion is supported by the expression of calcium ion binding 
and negative regulators of calcium ion transport.  Lastly, the jaw has a lower specific 
tension than the leg.  The expression findings relating to the sarcomere, sarcolemma, and 
extracellular matrix imply that they may be potential mechanisms for this variation.  
These findings, although in general were expected, confirm that the muscle performance 
differences observed between the jaw and leg are valid and identify gene expression 
differences that explain these performance differences.  Further research will be 
necessary to more concretely determine the exact mechanisms that produce these 
physiological differences and to further validate the relationships between the differential 
gene expression and muscle performance metrics with qPCR using specific genes found 
here.  Additionally, data from this project could be used to determine genetic mechanisms 
that vary across species or among individuals to cause differences in muscle 
performance.  By researching the molecular mechanisms that cause variation, the minute 
details that create diversity within and across species are uncovered and lead to greater 
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understanding about the effect of the environment on species and the effect of differential 
gene expression on performance. Finally, discovering these genetic causes of variation in 
muscle performance has potential medical importance as the differentially genes 
discovered could be possible targets for future medical interventions to improve muscle 














Sequencing Metrics:  
Clean bases and reads are the number of reads or bases left after the filtering 
process in which low-quality reads/bases are removed. Q20 describes the quality of the 
reads (i.e. higher percentage means fewer incorrect base pairs). GC describes the 






List of GO Terms Expressed Higher in the Leg across Species  
GO Term Function P-value 
GO:0001501 skeletal system development 0.030835659 
GO:0001525 angiogenesis 0.024343473 
GO:0001659 temperature homeostasis 0.034933934 
GO:0001837 epithelial to mesenchymal transition 0.049531843 
GO:0004860 protein kinase inhibitor activity 0.005349307 
GO:0004867 serine-type endopeptidase inhibitor activity 0.039602054 
GO:0005507 copper ion binding 0.015312109 
GO:0005509 calcium ion binding 0.015648979 
GO:0005578 proteinaceous extracellular matrix 0.001246378 
GO:0005615 extracellular space 0.025828318 
GO:0005925 focal adhesion 0.024278079 
GO:0006469 negative regulation of protein kinase activity 0.01365101 
GO:0006936 muscle contraction 0.043845068 
GO:0007409 axonogenesis 0.045003647 
GO:0008201 heparin binding 0.003263825 
GO:0008360 regulation of cell shape 0.008843486 
GO:0009952 anterior/posterior pattern specification 0.015333399 
GO:0016049 cell growth 0.038892435 
GO:0019221 cytokine-mediated signaling pathway 0.016599016 
GO:0019432 triglyceride biosynthetic process 0.041830903 
GO:0030198 extracellular matrix organization 0.045003647 
GO:0030199 collagen fibril organization 0.012961674 
GO:0030282 bone mineralization 0.021522253 
GO:0030335 positive regulation of cell migration 0.036306918 
GO:0031012 extracellular matrix 2.62E-06 
GO:0031432 titin binding 0.03868655 
GO:0032060 bleb assembly 4.78E-04 
GO:0033209 tumor necrosis factor-mediated signaling pathway 0.037380747 
GO:0035987 endodermal cell differentiation 0.025473649 
GO:0042104 positive regulation of activated T cell proliferation 0.042165921 
GO:0042383 sarcolemma 0.020168258 
GO:0045892 negative regulation of transcription, DNA-templated 7.44E-04 
GO:0046426 negative regulation of JAK-STAT cascade 0.003637493 
GO:0047757 chondroitin-glucuronate 5-epimerase activity 0.03868655 
GO:0048701 embryonic cranial skeleton morphogenesis 0.016356736 
GO:0048706 embryonic skeletal system development 0.014834567 
GO:0050840 extracellular matrix binding 0.003801645 
GO:0055119 relaxation of cardiac muscle 0.028309658 
GO:0060235 lens induction in camera-type eye 0.042165921 





List of GO Terms Expressed Higher in the Jaw across Species 
GO Term Function P-value  
GO:0000276 
mitochondrial proton-transporting ATP 
synthase complex, coupling factor F(o) 0.008161338 
GO:0003684 damaged DNA binding 0.007608843 
GO:0003824 catalytic activity 0.03158945 






transferring) activity 0.037116033 
GO:0005200 structural constituent of cytoskeleton 5.97E-04 
GO:0005523 tropomyosin binding 0.047098186 
GO:0005524 ATP binding 0.027776963 
GO:0005525 GTP binding 0.002926468 
GO:0005737 cytoplasm 0.031740235 
GO:0005739 mitochondrion 0.012975359 
GO:0005743 mitochondrial inner membrane 1.97E-05 
GO:0005747 mitochondrial respiratory chain complex I 0.006391989 
GO:0005753 
mitochondrial proton-transporting ATP 
synthase complex 0.002974145 
GO:0005865 striated muscle thin filament 0.049655861 
GO:0005874 microtubule 0.013078613 
GO:0005901 caveola 0.018354114 
GO:0005911 cell-cell junction 0.046996906 
GO:0006099 tricarboxylic acid cycle 0.005047983 
GO:0006941 striated muscle contraction 0.043205427 
GO:0007015 actin filament organization 0.001914172 
GO:0007017 microtubule-based process 0.002634487 
GO:0008121 ubiquinol-cytochrome-c reductase activity 0.044710224 
GO:0008137 
NADH dehydrogenase (ubiquinone) 
activity 2.31E-04 
GO:0014823 response to activity 0.035725884 
GO:0015078 
hydrogen ion transmembrane transporter 
activity 0.014191111 
GO:0015986 ATP synthesis coupled proton transport 1.49E-12 
GO:0015991 ATP hydrolysis coupled proton transport 3.14E-04 
GO:0016887 ATPase activity 0.035910485 
GO:0030170 pyridoxal phosphate binding 0.036762871 
GO:0030336 negative regulation of cell migration 0.017491665 
GO:0034604 pyruvate dehydrogenase (NAD+) activity 0.037116033 
GO:0042407 cristae formation 0.009348027 
GO:0042645 mitochondrial nucleoid 0.024270116 
GO:0043209 myelin sheath 1.94E-04 
GO:0044822 poly(A) RNA binding 0.017136996 
GO:0045254 pyruvate dehydrogenase complex 0.034929326 
GO:0045261 
proton-transporting ATP synthase 
complex, catalytic core F(1) 0.032885586 
GO:0045766 positive regulation of angiogenesis 0.013545738 
GO:0046933 
proton-transporting ATP synthase 
activity, rotational mechanism 7.57E-05 
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GO:0046961 
proton-transporting ATPase activity, 
rotational mechanism 0.001597498 
GO:0051694 pointed-end actin filament capping 0.037749674 
GO:0051926 
negative regulation of calcium ion 
transport 0.032579662 
GO:0061617 MICOS complex 0.040504938 
GO:0070062 extracellular exosome 0.027347155 
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